INTRODUCTION
Detection and identification of defects in high-voltage equipment, especially at an early stage of their development, is an actual and practically significant scientific and technical task. Since most of the defect developing in equipment is accompanied by the release of gases that are formed as a result of the destruction of insulation, one of the most common and widely used methods of diagnostics is the dissolved gas analysis in oil (DGA). At present, analytical and graphical recognition methods are used to identify the type of defect that is predicted by the results of DGA. Analytical methods use values of gas ratios, which are regulated by known standards [1] [2] [3] [4] [5] [6] . Some graphical methods, for example, the Dornenburg rectangle [3] , the ETRA square [5] , also use the gas ratios as coordinates for the diagnosed equipment. In most of the known graphical methods, such as the triangle of GATRON [7] , Duval triangle [8] , Duval pentagon [9] , the percentage of gases is used to determine the type of defects as the coordinates of the diagnosed equipment. A significant drawback of these methods is an incomplete use of diagnostic information. The key gas method uses the percentage of five gases [10] . But this method allows you to recognize only 4 defects. It should be noted that all methods described do not take into account the dynamics of the change of the gas content of oils in time for equipment with defects of different types. This circumstance does not allow to identify defects at an early stage of their development, which was the reason for writing this article.
ANALYSIS OF THE GAS CONTENT OF EQUIPMENT WITH DEFECTS OF DIFFERENT TYPES
At the first stage of the study, the percentage of gases in equipment oil was assessed, in which defects were found by the results of DGA. For this purpose, the results of DGA were used for 2160 units of high-voltage equipment, in which defects of various types were detected. Table 1 shows the distribution of defective equipment by the criterion of gas with the maximum content. As it is shown in Table 1 , in the sample presented for the analysis, the greatest amount of equipment had defects for which, according to the results of DGA, the gas with the maximum content was hydrogen (736 units or 34.076%). A somewhat smaller number of defects were associated with a maximum ethylene content (687 units or 31.806%). The number of equipment with defects for which the gases with the maximum content were ethane and acetylene was approximately the same (224 units or 10.37% for ethane and 219 units or 10.139% for acetylene). The maximum content of methane was found in 294 units of equipment, which was 13.611%. For each object from Table 1 , the percentage of each of the gases in the oil sample was calculated:
where A i% is the percentage of gas, A i is the concentration of gas, and Ʃ is the sum of the concentrations of hydrocarbon gas and hydrogen in the oil sample. The performed analysis showed that for different equipment with the same type of defect, despite the fact that the values of gas concentrations can differ significantly from each other, the values of the percentage of gases were approximately the same. For example, Table 2 shows the values of gas concentrations and their percentage in different oil-filled equipment in which partial discharges were detected.
At the same time, as it is shown in Table 2 , the values of percentage of gases for the same type of defect are not constant and may differ. The main reasons for the identified differences [11, 12] are: individual features of the development of the defect, differences in the amount of energy which is released in the process of developing of the defect, the sort of transformer oils, design features, different materials, and other factors. In this regard, the percentage content of gases for defects of different types is more appropriate to be specified not as strictly fixed values of the percentage of gases, as in the key gas method, but in the form of minimum and maximum ranges of values. The analysis made it possible to establish typical gas content for more than 100 different defects and their combinations. However, due to the limited volume of the article, Table 3 shows the percentages of gas contents only for 38 most common defects. The bold font in Table 3 highlights the gases with the maximum content. In addition to electric discharges with different energy densities and overheating with different temperatures, Table 3 shows the percentage of gases for defects in which overheating is accompanied by electric discharges, and vice versa. For convenience of analysing the types of defects from Table 3 , Table 4 shows the values of the gas ratios: C 2 H 2 / C 2 H 4 , CH 4 /H 2 , C 2 H 4 /C 2 H 6 , С 2 Н 2 /С 2 Н 4 , С 2 Н 2 /С 2 Н 6 and С 2 Н 6 /СН 4 , which are used in known standards [1] [2] [3] [4] [5] [6] . As in Table 3 , the values of the gas ratios are given in the form of ranges, including the minimum and maximum values. To reduce the error, the values of the gas ratios were calculated if the values of gas concentrations exceeded the following values: H 2 > 0.005% vol., CH 4 , C 2 H 6 and C 2 H 4 > 0.0015% vol., and C 2 H 2 > 0.0003% vol. [5] . Most of the defects which are given in Table 3 have been thoroughly studied and described in literature. As a rule, their identification is not particularly difficult. In connection with this, only those defects that are difficult to identify are discussed below.
When analysing defects for which, in DGA samples, the gas with the maximum content is hydrogen (1-8), special attention should be paid to defect No. 5 (low-energy discharges). This defect is caused by insulation damage in the transformers [13] , which is the cause of their accidental damage. In the oil samples of equipment with this defect, a high content of hydrogen and methane, a slightly lower ethane and acetylene content, and a low ethylene content were observed (see Table 3 ). As it is shown in Table 4 , for this defect the values of the ratios were CH 4 /H 2 > 0.5 and C 2 H 2 /C 2 H 4 > 1, which indicate the presence of discharges, and C 2 H 4 /C 2 H 6 < 1, which is characteristic of partial discharges. Such values of gas ratios do not correspond to known diagnostic schemes [1] [2] [3] [4] [5] [6] , which makes it difficult to recognize this defect. Tables 3-4 also show spark discharges (continuous sparking in oil between compounds of different potentials or floating potential, oil breakdown between solid materials) for which C 2 H 4 /C 2 H 6 values are 1-4 [6] and creeping discharges (discharges over the surface and in the thickness of the paper insulation) for which C 2 H 4 /C 2 H 6 > 5 [5] . In addition, attention should be paid to defect No. 7 (low-energy arcing). As it is shown in Table 3 , the gas content of equipment with this defect is characterized by a high content of hydrogen, ethylene and acetylene, which is typical of high-energy discharges. However, because of the low methane content, the ratio CH 4 /H 2 < 0.1 (see Table 4 ), which causes difficulties in recognizing this defect. For example in [14] , a similar defect is identified as a partial discharge, in [15] as an arcing discharge, and in [16] as an arcing of low energy. When analysing defects for which, according to DGA results, the gas with the maximum content is methane (9-16), defect No. 9 (partial discharges) should be identified. According to most known standards [1] [2] [3] [4] [5] [6] , for equipment with partial discharges, the value of the ratio CH 4 / H 2 does not exceed 0.1. However, it is shown in Table 4 that for the given defect the value of CH 4 /H 2 ratio is much greater than one, which, according to [1] [2] [3] [4] [5] [6] , is typical of thermal defects. At the same time, in works [17, 18] such defects were identified as partial discharges with low energy or corona in oil. Also note the defect No. 14 (overheating with temperature above 700°С), for which the gas with the maximum concentration is methane. According to existing ideas about the mechanism of gas formation in oil-filled equipment [19, 20] , at a defect temperature of 500-600°С, ethylene becomes the gas with the maximum concentration, and at a temperature above 700°С, the values of the ratio C 2 H 4 /C 2 H 6 > 4. At the same time, as it is shown in Tables 3 and 4 , for these defects, the gas with the maximum concentration is methane and the ratio C 2 H 4 /C 2 H 6 > 4. The results of DGA for such defects are given in [21, 22] .
According to the results of DGA, in equipment in which the gas with the maximum content is ethane (17) (18) (19) (20) (21) (22) , such defects as overheating in the temperature range 150-300°С and The main reasons for such overheating are: increased heating of bolted connections, the presence of a short-circuited circuit, contamination of pipes and shells, clogging of coolant pipes, ferro-resonance overvoltages. The results of DGA for such defects are given in [17, 23] . Of equipment in which overheating is accompanied by discharges and gas with the maximum content is ethane, the higher content of acetylene and ethylene is characteristic, as well as the excess of hydrogen content over methane content [16, 24] . When analysing defects for which ethylene (23-31) is the gas with the maximum content by DGA results, attention should be paid to thermal defects with a temperature of 500-700°С. For such defects [13, 17] , the C 2 H 4 /C 2 H 6 ratio is 1-3. Such defects arise due to violations of contact connections, magnetic circuit defects and other damages. In equipment with overheating above 700°С, an increased content of ethylene is observed in comparison with ethane (defects No. 25, 26) . With increasing temperature, the ethylene content increases (defect No. 26), and at a temperature above 750°С (hot spot in the core), a significant increase in the acetylene content is observed. In equipment in which overheats with temperatures above 700°С are accompanied by discharges (28-31), a higher content of acetylene is observed, as well as the excess of hydrogen content over the content of methane [17] .
Of greatest interest are defects for which the gas with the maximum content is acetylene. It is known [19, 20] that a significant content of acetylene occurs in discharges with high energy density as well as in overheating with a temperature above 750°С. However, in an example given in [23] , partial discharges are detected, while the maximum content is observed for acetylene (defect No. 32). Also note the defect No. 33. For this defect, the gas with the maximum content is acetylene, and high ethane content is also observed. Since the ethane content exceeds the ethylene content, C 2 H 4 /C 2 H 6 <1, which complicates the process of identifying this defect. The remaining defects, for which the gas with the maximum content is acetylene, are electric discharges of high energy, as well as discharges accompanied by overheating.
The performed analysis showed that the use of the values of gas ratios which are recommended by the standard IEC 60599 [1] made it possible to correctly diagnose 86.944% of units of equipment whose gas ratios are given in Table 4 . One of the main reasons for the establishment of an erroneous diagnosis or the failure of recognition is the discrepancy between the values of gas ratios in real equipment and the values of gas ratios regulated in [1] . For example, of 88 equipment units of low-density partial discharge, using the IEC 60599 standard, the correct diagnosis is for only 76 units of equipment. In 8 cases, the C 2 H 4 /C 2 H 6 ratio was greater than 0.2. In addition, for some defects, for example, low-energy arcing (defect No. 7 from Tables 3  and 4) , the values of gas ratios correspond to several defects (partial discharges and high-energy discharges). That also can lead to the statement of erroneous diagnosis. The ranges of values of gas ratios shown in Table 4 allow to take into account these shortcomings and put a reliable diagnosis for a greater number of defects.
The values of the gas content for various types of defects listed in Table 3 can be considered reference trajectories and used to analyse the dynamics of the change in the content of gases during defect development.
ANALYSIS OF THE DYNAMICS OF CHANGES IN THE CONTENT OF GASES IN THE DEVELOPMENT OF DEFECTS IN HIGH-VOLTAGE EQUIPMENT
At the second stage of the research, the dependence of the gas content on the operating time before and during the development of defects in high-voltage equipment was analysed. The performed analysis made it possible to establish that, despite the increase in the concentration of gases accompanying the development of the defect, the percentage of gases varies insignificantly and is at a certain fixed level. As an example, Fig. 1 shows the dynamics of change in the gas content of oil in a transformer TDTN with a capacity of 40 MVA with a voltage of 110 kV of a leaky design, in which a high-temperature superheat with a temperature above 700°С was observed, which was accompanied by electric discharges. The vertical dotted line in Fig. 1 and in other figures indicates the date of appearance of the defect.
Analysing Fig. 1 it is easy to see that before the defect the values of concentrations (Fig. 1a) and the percentage of each of the gases (Fig. 1b) change randomly. In this case, the gases with the maximum content are mainly ethylene and methane. The content of hydrogen, ethane and acetylene is much less than the content of these two gases. As shown in [25] for non-hermetic equipment, this kind of gas content is typical and is caused both by the diffusion of gases into the atmosphere (low H 2 content) and by intensive oxidation processes in the presence of free oxygen-air (high content of C 2 H 4 ). When the defect develops, the values of the gas concentrations increase substantially (Fig. 1a) , which is known [26] , but the percentage of gases remains practically unchanged and remains at a strictly fixed level (Fig. 1b) . In addition, as studies have shown for equipment with overheating above 700°С, as well as for overheating with temperatures above 700°С, which are accompanied by discharges, the change in gas content is of a similar nature. As an example, Fig. 2 shows the dynamics of changes in the gas content of oils in 3 transformers with such defects. In the transformer TDTN-40000/110 (Fig. 2a) , based on the results of DGA, the core was overheated with a temperature above 700°С due to eddy currents. In the transformer TDTNG-40500/110 (Fig. 2b) , overheating was detected, which was caused by a short circuit to the magnetic circuit tank and traces of discharges. In the transformer TRDNS-40000/220 (Fig. 2c) , according to the results of DGA, overheating was detected with a temperature above 700°С, which was accompanied by arc discharges (discharges occurred as a result of insulation loss of the pin). Comparing the curves in Fig. 2 it is easy to see the similar nature of the change in the gas content of oils (in particular, the symmetrical change in the content of C 2 H 4 and CH 4 ) in different transformers under high-temperature overheating and overheating accompanied by discharges. At the same time, the studies carried out have shown that for the defects, the type of which varies, the dynamics of the change in the gas content can vary significantly. As an example, Fig. 3 shows the dynamics of changes in the gas content of autotransformers with spark discharges. In the autotransformer AT 300 MVA (Fig. 3a) , the defect began with overheating in the temperature range 150-300°С (gas with the maximum ethane content), passing into partial discharges, and then into a spark discharge. In AT 220 kV (Fig. 3b) , the defect began with an arc discharge in oil (gas with a maximum concentration of C 2 H 2 ), which gradually passed into a spark discharge. At the same time, as the defect develops, the content of limiting hydrocarbons and hydrogen increases against the background of a decrease in the ethylene and acetylene content. Figure 3c shows the dynamics of gas content change for a 20 MVA, 33 kV transformer in which high-energy discharges were detected by DGA results. It is noteworthy that the gas content for the first two DGA results already corresponded to overheating in the temperature range 150-300°С (gas with a maximum ethane concentration), then the defect shifted to spark discharges (gas with maximum hydrogen concentration), and only for the last two measurements the gas content corresponded to the high-energy discharges.
It is of fundamental importance that, no matter how the defect develops, the percentage content of the gases correspond to the defective state and tend to fixed values, which allows one to recognize defects at an early stage of their development. This is actually true for rapidly developing defects. As an example, Table 5 gives examples of the gas content of oil in damaged equipment. As it is shown in Table 5 , for all four items of equipment listed in Table 5 , the gas content before and after the damage is significantly different. However, hydrocarbon gases and hydrogen were not present in oil samples taken before damage only in the RODC 750/110 reactor, which objectively did not prevent damage. At the same time, for all other equipment from Table 5 , in oil samples that preceded damage, the gas content already indicated a defect. So, in the transformers of the "Nelson river" hydroelectric station (No. 1-2 of Table 5 ), the gas content of the oil indicated overheating in the temperature range 150-300°С (gas with the maximum ethane content). In the autotransformer ATDT-STN 125000, 220/110, the gas content of the oil indicated an arc discharge (gas with a maximum concentration of C 2 H 2 ). Thus, an analysis of the gas content of the oil would prevent damage to this equipment.
CONCLUSIONS

1.
The results of analysis of the percentage of gases in equipment with defects of different types are given. It is established that for different equipment with defects of the same type, the percentage of gases has similar values. The values of gas content of oils and gas ratios for 38 most common defects are given.
2. It is established that the development of defects in high-voltage equipment is accompanied not only by the growth of gas concentrations, which is known and widely used, but also by stabilization of the percentage contents of gases at strictly defined levels. Since this stabilization takes place somewhat earlier than gas concentrations reach the boundary values, this effect can be used to detect developing defects at an early stage of their development, even before the values of gas concentrations exceed the boundary values, thus avoiding the destruction of equipment insulation and prolonging its resource.
3. The analysis of the obtained results showed that for different equipment with overheating above 700°C and also with overheating above 700°С, which are accompanied by discharges, the change in gas content during the development of the defect has a similar character. This allows not only to detect these defects at an early stage of their development, but also to predict their possible appearance on the basis of an analysis of the dynamics of changes in gas content, which is impossible with the use of traditional criteria.
4. For defects the type of which changes in the course of their development, the dynamics of the change in the gas content can vary significantly. At the same time, no matter how the defect develops, the percentages of gases correspond to the defective state and tend to fixed values, which makes it possible to use the gas content of oils as an additional criterion for interpreting the results of analysis of gases dissolved in oil.
